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Biotrophic plant pathogens encounter a postinfec-
tion basal resistance layer controlled by the lipase-
like protein enhanced disease susceptibility 1
(EDS1) and its sequence-related interaction part-
ners, senescence-associated gene 101 (SAG101)
and phytoalexin deficient 4 (PAD4). Maintainance of
separate EDS1 family member clades through angio-
sperm evolution suggests distinct functional
attributes. We report the Arabidopsis EDS1-
SAG101 heterodimer crystal structure with juxta-
posed N-terminal a/b hydrolase and C-terminal
a-helical EP domains aligned via a large conserved
interface. Mutational analysis of the EDS1-SAG101
heterodimer and a derived EDS1-PAD4 structural
model shows that EDS1 signals within mutually
exclusive heterocomplexes. Although there is evolu-
tionary conservation of a/b hydrolase topology in all
three proteins, a noncatalytic resistance mechanism
is indicated. Instead, the respective N-terminal
domains appear to facilitate binding of the essential
EP domains to create novel interaction surfaces on
the heterodimer. Transitions between distinct func-
tional EDS1 heterodimers might explain the central
importance and versatility of this regulatory node in
plant immunity.
INTRODUCTION
Plants have evolved a multilayered innate immune system to
protect tissues against pathogen attack. Low-level disease
resistance mediated by cell-surface pattern-recognition recep-
tors (PRRs) is normally sufficient to block colonization by non-
adapted microbes (Dodds and Rathjen, 2010). Host-adapted
pathogenic strains overcome PRR-triggered defenses by deliv-
ering virulence factors (effectors) to cause disease (Dodds andCell Host &Rathjen, 2010). However, virulent pathogens encounter an
important postinfection resistance layer (basal resistance)
controlled by the nucleocytoplasmic lipase-like protein
enhanced disease susceptibility 1 (EDS1) (Wiermer et al.,
2005). EDS1 basal resistance is effective against biotrophic
pathogens (Wiermer et al., 2005) and involves transcriptional
reprogramming of cells for defense to slow pathogen coloniza-
tion of tissues (Garcı´a et al., 2010).
EDS1 is also essential for resistance mediated by a large
subclass of intracellular nucleotide-binding, leucine-rich repeat
(NLR) receptors (denoted ‘‘TNLs’’) that have an N-terminal Toll-
interleukin 1 receptor (TIR) domain with homology to the cyto-
plasmic signaling domains of mammalian membrane-spanning
Toll-like innate immune receptor family proteins (TLRs) (Bernoux
et al., 2011; Maekawa et al., 2011). TNLs recognize cellular inter-
ference by specific pathogen effectors in order to induce a
robust EDS1-dependent immune response called effector-
triggered immunity (ETI). ETI amplifies basal resistance tran-
scriptional programs and is often associated with localized
host-programmed cell death (pcd) as part of a hypersensitive
response (HR) (Maekawa et al., 2011). Crystal structure analysis
of the flax L6 TNL receptor TIR domain showed that TIR self-
association is necessary for effector triggering of host pcd
and identified a potential L6 signaling interface (Bernoux et al.,
2011). However, downstream events leading to pathogen resis-
tance remain obscure.
In Arabidopsis, all measured ETI outputs triggered by the
nucleocytoplasmic TNL receptor RPS4 recognizing a type III-
secreted Pseudomomas syringae effector, AvrRps4 (Gassmann
et al., 1999), were abolished in eds1 null mutants, consistent
with EDS1 acting early in the TNL resistance signaling cascade
(Aarts et al., 1998; Wirthmueller et al., 2007). EDS1 appears to
not be part of the chaperone machinery for accumulation of
preactivated NLRs (Kadota and Shirasu, 2012) but rather
connects effector-activated TNLs to downstream defense and
pcd pathways (Bhattacharjee et al., 2011; Heidrich et al., 2011;
Wirthmueller et al., 2007). Notably, EDS1 nuclear accumulation
was necessary for transcriptional defense reprogramming in
both ETI and basal immunity, highlighting a critical EDS1 nuclear
function in resistance (Garcı´a et al., 2010; Heidrich et al., 2011).Microbe 14, 619–630, December 11, 2013 ª2013 Elsevier Inc. 619
A B Figure 1. Conservation of EDS1 Family Pro-
teins and Catalytic Sequence Features
(A) Phylogenetic clustering of putative AtEDS1,
AtPAD4, and AtSAG101 orthologs in a cladogram.
A subset of all orthologous sequences was used
(see Figure S1).
(B) Conservation of lipase catalytic triad residues
in EDS1, PAD4, and SAG101 orthologs.
Sequences within each cluster were aligned with
T-Coffee, and positions corresponding to the
catalytic S-D-H of a/b hydrolases, including the
characteristic lipase GxSxG motif, are shown.
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Analysis of the EDS1 Immune Regulatory NodeCoimmunoprecipitation and fluorescence lifetime imaging
(FRET-FLIM) studies revealed EDS1 interactions with several
Arabidopsis TNL receptors, including RPS4, suggesting that
EDS1 resides in TNL resistance signaling complexes (Bhatta-
charjee et al., 2011; Heidrich et al., 2011; Kim et al., 2012).
Arabidopsis EDS1 interacts directly with two sequence-
related signaling partners, phytoalexin-deficient 4 (PAD4) (Feys
et al., 2001; Jirage et al., 1999) and senescence-associated
gene 101 (SAG101) (Feys et al., 2005), respectively, in nucleo-
cytoplasmic and nuclear complexes. The three proteins con-
stitute a plant-specific family with N-terminal a/b hydrolase
homology (Ollis et al., 1992) and a highly conserved C-terminal
EDS1-PAD4 (EP) domain with no known homologies (Feys
et al., 2001, 2005). The a/b hydrolase fold is one of the most
successful architectures in protein space across kingdoms,
providing the framework for diverse enzymes (Lenfant et al.,
2013; Ollis et al., 1992) as well as an emerging class of non-
catalytic but functionally important receptors (Janssen and
Snowden, 2012; Shimada et al., 2008). Arabidopsis EDS1 asso-
ciationswith SAG101 or PAD4 in separate complexes in vitro and
in vivo suggested that coordination between different EDS1-
PAD4 and EDS1-SAG101 complexes might underlie immunity
regulation (Feys et al., 2005; Rietz et al., 2011). However, a
ternary SAG101-EDS1-PAD4 nuclear complex was also re-620 Cell Host & Microbe 14, 619–630, December 11, 2013 ª2013 Elsevier Inc.ported, representing a potential
signaling-active form (Zhu et al., 2011).
EDS1-PAD4 complexes alone are suffi-
cient for basal resistance, partlymediated
via the hormone salicylic acid (SA) (Feys
et al., 2001; Jirage et al., 1999; Rietz
et al., 2011). The role of SAG101 in basal
resistance and ETI is less clear, given
that its loss is largely compensated for
by PAD4 (Feys et al., 2005; Rietz et al.,
2011). However, SAG101 contributes to
basal and TNL resistance in the absence
of PAD4 (Feys et al., 2005; Rietz et al.,
2011), and a nonredundant SAG101 ac-
tivity in ETI to turnip crinkle virus (Zhu
et al., 2011) suggests a degree of
signaling versatility between EDS1 family
proteins.
We report the crystal structure of an
Arabidopsis EDS1-SAG101 heterodimer
and a derived EDS1-PAD4 heterodimerstructural model. Our analysis provides a molecular basis for
actions of exclusive EDS1 heterodimers with each partner in
immunity.
RESULTS
Distinct EDS1 Family Member Clades Are Maintained in
Plant Evolution
We used Arabidopsis thaliana (At) EDS1, PAD4, and SAG101
proteins to mine genome databases for related sequences
(Table S1 available online). Orthologs were found in flowering
plants but not the moss Physcomitrella patens or algae. Con-
struction of an angiosperm phylogenetic tree produced three
separate protein clusters, each containing AtEDS1, AtPAD4, or
AtSAG101 as a group-defining member (Figures 1A and S1).
Therefore, a distinct characteristic of each protein hasmost likely
been maintained through speciation. We did not find SAG101
orthologs in monocot or A. coerulea or M. guttatus eudicot
genomes (Figure 1A), all of which lack TNLs and members
of the N requirement gene 1 (NRG1) family of atypical coiled-
coil NLR (CNL) receptors (Collier et al., 2011; Jacob et al.,
2013; Yue et al., 2012). Co-occurrence of SAG101 with TNL
and NRG1 genes in eudicot lineages suggests a functional link.
A wider presence of EDS1 and PAD4 is consistent with a role
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Figure 2. Global Structural Features of
EDS1 Family Proteins
(A) EDS1-SAG101 heterodimer features deter-
mined from the crystal structure. Lipase-like and
EP domain boundaries and the position of a
conserved SDH triad in EDS1 are shown.
(B) Conservation scores of EDS1 surface residues
calculated with sequences from Table S1.
(C) Five closest homologs to N-terminal EDS11–384
estimated by Dali Z score. See also Table S3.
(D) Topologies of EDS1 and SAG101 lipase-like
domains. Canonical elements of the a/b hydrolase
fold are colored black. Grey elements are struc-
turally conserved among EDS1 and SAG101. The
N-terminal EDS1 insertion is shown in red, and
triad positions are indicated as black dots. A
flexible SAG101 segment between P35 and D52 is
represented as a dotted line.
(E) Structural comparison withMucormiehei lipase
(MML) shows high conservation of the S-D-H triad
in EDS1 but not SAG101. Two peptide groups
forming a putative oxyanion hole for transition
state stabilization are boxed in orange. The pep-
tide group between P45 and S46 is blocked in the
crystallized state by a close hydrogen bond to S124
(dotted line).
(F) An N-terminal EDS1 insertion, comprising aF,
aG, and aH, covers the conserved EDS1 triad
(purple sphere) and directly contacts SAG101
(green surface). Regulatory MML lid helix a1 in its
open or closed conformation is superimposed on
the lipase-like EDS1 domain.
(G) An EDS1 insertion exists in all analyzed EDS1
(red blocks indicate position in AtEDS1) and
certain PAD4 orthologs.
See also Figure S2.
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Analysis of the EDS1 Immune Regulatory Nodein basal resistance that has been co-opted by TNL receptors for
ETI (Feys et al., 2001, 2005).
EDS1, PAD4, and SAG101 N-terminal homology with a group
of a/b hydrolase fold lipases is seen in the primary sequences
(Wiermer et al., 2005). Amino acids corresponding to a S-D-H
catalytic triad, the S being embedded in a G-X1-S-X2-G motif
characteristic for most catalytic a/b hydrolase proteins, are
conserved in EDS1 and PAD4 but not SAG101 orthologs
(Figure 1B) (Brenner, 1988). The C-terminal portions of EDS1,
PAD4, and SAG101 contain a highly conserved EP domain
(Wiermer et al., 2005). The EP domain occurs only in conjunction
with an N-terminal lipase domain in plants and has no significant
homology (E % 105) with nonplant proteins (tblastn@ncbi, nr/
nt). Therefore, co-occurrence of the lipase-like and EP domain
in a single protein defines the EDS1 family.
EDS1 and SAG101 Form a Heterodimer via a Large
Conserved Interface
The Arabidopsis EDS1-SAG101 heterodimer crystal structure
was solved de novo with a resolution of 2.21 A˚ (Table S2). InCell Host & Microbe 14, 619–630, Dthe EDS1-SAG101 structure, each pro-
tein has a distinct, juxtaposed lipase-like
and EP domain, which both participate
in heterodimer formation through a largeinterface of 2,100 A˚2 in which 1,400 A˚2 and 700 A˚2 of the
solvent-accessible surface are buried between the lipase-like
and EP domains, respectively (Figure 2A). A projection of amino
acid conservation on the EDS1 surface shows strong preserva-
tion of the EDS1-SAG101 interface, implying functional impor-
tance of the heterodimer (Figure 2B). By contrast, most exposed
EDS1 surface amino acids are variable, suggesting less evolu-
tionary constraint (Figure 2B).
The EDS1 N-Terminal Domain Structurally Resembles a
Lipase
Comparison of the N-terminal EDS1 and SAG101 domains
with protein structures in the Protein Data Bank (PDB) with Dali
(Holm and Rosenstro¨m, 2010) confirmed high homology to a/b
hydrolase fold proteins, in particular to triacylglycerol (class 3)
lipases (Figure 2C and Table S3). The a/b hydrolase fold is
characterized by a central mainly parallel b sheet flanked by a
helices, providing a stable scaffold for the catalytic triad residues
(Figure 2D) (Ollis et al., 1992). As anticipated from the primary
sequence (Figure 1B), SAG101 retains a/b hydrolase foldecember 11, 2013 ª2013 Elsevier Inc. 621
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Analysis of the EDS1 Immune Regulatory Nodetopology but has lost key catalytic residues (Figure 2E). Although
the canonical S and H positions are exchanged respectively to A
and L, the D position of SAG101 is completely degenerated on
the backbone in comparison to active a/b hydrolases (Figures
2D and 2E). By contrast, the EDS1 triad (S123, D187, and H317)
is strikingly similar to that of enzymatically active a/b hydrolases
(Figures 2D and 2E) and has two backbone peptide groups,
creating a typical a/b hydrolase oxyanion hole needed to stabi-
lize transition states during the catalytic cycle (Ollis et al.,
1992). However, the oxyanion hole is disturbed in the EDS1-
SAG101 structure (Figure 2E) because a critical peptide nitrogen
atom (part of the P45-S46 peptide bond) is unable to serve as a
hydrogen bond donor in catalysis due to its close hydrogen
bonding to S124 (X2-position of the G-X1-S-X2-G motif).
In comparison to other a/b hydrolases, EDS1 contains a 73
residue insertion between I192 and Y267, which forms a helical
structure (helices aF, aG, and aH; Figure 2D) sitting over the
catalytic site. Similar to regulatory ‘‘lid’’ helices in many inac-
tive-state triacylglycerol lipases, helix aF shields the presumed
EDS1 active site from potential ligands (Figure 2F). Given that
aG and aH are in direct contact with SAG101 (Figure 2F), an
alternative conformation of the EDS1 aFGH insertion permitting
the entry of a substrate or ligand is conceivable.
The S-D-H triad residues are also conserved in PAD4 proteins
across monocot and eudicot species (Figure 1B). As previously
noted (Feys et al., 2001), AtPAD4 lacks the EDS1-specific
(aFGH) insertion (Figure 2G) and, therefore, might possess an
accessible catalytic site. However, genome mining established
that all PAD4 orthologs outside the Brassicaceae contain an
insertion of similar length to that in EDS1 (Figures 2G and S2).
Therefore, a clade-specific deletion in Brassicaceae PAD4
genes appears to have occurred rather than gain of an insertion
in EDS1. A similar insertion was not found in any of the SAG101
orthologs. Whether retention of the aFGH insertion in non-
Brassicaeae PAD4 orthologs (Figure S2) changes the molecular
or functional relationship between PAD4, EDS1, and SAG101
remains to be tested.
Catalytic Activity Is Dispensable for EDS1 and PAD4
Immune Functions
The structural similarity of EDS1 to a/b hydrolases and conser-
vation of critical residues in EDS1 and PAD4 orthologs prompted
us to investigate whether EDS1 or PAD4 hydrolase activity is
required for disease resistance. Neither full-length AtEDS1 nor
the N-terminal lipase-like domain (AtEDS11–384) hydrolyzed
p-nitrophenyl esters varying in acyl chain length in vitro (Fig-
ure S3A). Then, we tested whether the AtEDS1 and AtPAD4
predicted catalytic triad is required for resistance in Arabidopsis
to the natural biotrophic oomycete pathogen Hyaloperonospora
arabidopsidis (Hpa). In accession Columbia (Col), Hpa isolates
Cala2 and Emwa1 are recognized by the TNL receptors
RPP2a/RPP2b (denoted as RPP2) and RPP4, respectively, to
trigger an EDS1/PAD4-dependent HR indicative of ETI at infec-
tion sites (Sinapidou et al., 2004; van der Biezen et al., 2002).
Hpa isolate Noco2 is virulent on Col, but hyphal growth and
asexual sporulation on leaves are slowed because of EDS1/
PAD4 basal resistance (Wiermer et al., 2005). We made stable
transformants of a Col eds1-2 pad4-1 double mutant with a
construct containing wild-type (WT) AtEDS1 and AtPAD4 under622 Cell Host & Microbe 14, 619–630, December 11, 2013 ª2013 Elstheir respective native promoters as a positive control (Fig-
ure S3B). The same vector expressing GFP-StrepII from a
constitutive 35S promoter served as a negative control. An
EDS1 variant with all three S-D-H triad amino acids exchanged
to Ala (denoted EDS1-SDH) together with the predicted catalyt-
ically inactive S118A form of PAD4 (PAD4-S) in the same vector
was also transformed into Col eds1-2 pad4-1. Then primary (T1
generation) transformants were tested for RPP2 resistance by
infecting with Hpa Cala2 in a complementation assay estab-
lished to phenotype multiple Arabidopsis transgenic lines (Fig-
ure S3C) (Stuttmann et al., 2011). Control eds1-2 pad4-1 lines
expressing WT EDS1/PAD4 were resistant, and those express-
ing GFP-StrepII were susceptible to Cala2 (Figures S3D and
S3E). Surprisingly, the triad mutated EDS1-SDH/PAD4-S vari-
ants fully complemented RPP2 resistance (Figures S3D and
S3E). Individual homozygous transformant lines with WT EDS1/
PAD4 (#1 and #2) or mutated EDS1-SDH/PAD4-S (#3 and #4)
were selected and tested for RPP4 resistance by infecting with
Hpa Emwa1. All lines were macroscopically resistant and
showed no Hpa sporulation (Figure S3F). Lines #1–#3 produced
an HR on leaves (Figure 3A). The catalytic mutant line #4 allowed
occasional hyphal outgrowth (Figure 3A) but also expressed
extremely low levels of EDS1-SDH protein in comparison to
the other lines and Col WT (Figure S3G). Lines #1–#4 exhibited
full basal resistance to virulent Hpa isolate Noco2 (Figure 3B).
We concluded that hydrolase activity is not necessary for TNL
or basal resistance signaling functions of EDS1 or PAD4 in
response to Hpa.
To further disturb the space around the EDS1 catalytic
S123 (Figure 2E), we mutated F47 to Trp (W) and V189 to Met
(M) in the EDS1-SDH catalytic triad mutant (Figure 3C). Col
eds1-2 was transformed with constructs expressing EDS1,
EDS1-SDH, or EDS1-SDHFV under the EDS1 promoter and
fused to an N-terminal yellow fluorescent protein tag. Control
plants and primary (T1) transformants were tested for RPP2
resistance by infecting with Hpa Cala2. All transformants ex-
hibited WT ETI indicating full complementation of RPP2 resis-
tance (Figures 3D and S3H). Therefore, ligand binding close to
the EDS1 catalytic residues appears to not underlie EDS1 func-
tion in immunity.
Individual EDS1 Lipase-like and EP Domains Do Not
Confer Resistance
We tested for actions of the individual EDS1 N-terminal lipase-
like or C-terminal EP domains in Arabidopsis ETI to Hpa. Con-
structs expressing full-length or truncated EDS11–384 protein
driven by a constitutive 35S promoter were transformed into
Col eds1-2. Complementation of RPP2 resistance was again
monitored by infecting T1 transformants with Hpa Cala2.
Although WT Col and plants expressing full-length EDS1 ex-
hibited complete RPP2 resistance, all EDS11–384-expressing
transformants displayed similar susceptibility as eds1-2 (Figures
4A and S4A). We also generated Col eds1-2 transformants
expressing full-length EDS1 or EDS11–384 under the 35S pro-
moter and fused to an N-terminal YFP tag. YFP-EDS1, but not
YFP-EDS11–384, transgenics complemented RPP2 resistance
to Hpa isolate Cala2 (Figure S4B), although the fusion proteins
accumulated to similar levels (Figure S4C). Also, YFP-
EDS11–384 displayed similar nucleocytoplasmic distribution asevier Inc.
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Figure 3. EDS1 and PAD4 Do Not Employ Enzymatic Activity for Resistance to Hpa
(A) RPP4 resistance phenotypes of 3-week-old control and homozygous (T3) transgenic eds1-2 pad4-1 lines expressing WT EDS1/PAD4 or catalytic triad
mutated variants, as indicated. Hpa Emwa1-infected leaves were stained with Trypan Blue at 5 dpi. The scale bar represents 200 mm. HR, hypersensitive
response; fh, free hyphae; TN, trailing necrosis. Corresponding macroscopic phenotypes are shown in Figure S3F.
(B) The same lines as in (A) were infected withHpa Noco2 and pathogen sporulation measured on leaves at 7 dpi. Data from four independent experiments, each
containingR 3 biological replicates, were normalized to Col = 100% sporulation. Letters indicate statistical differences (one-way ANOVA, Fisher least significant
difference, p < 0.05). Error bars represent SD. Steady-state EDS1 protein accumulation in lines from (A) and (B) is shown in Figure S3G.
(C) Perturbation of the putative ligand binding site in the EDS1-SDHFV mutated variant (new residues in red) modeled onto the EDS1 structure (blue). Estimated
space available for a ligand (orange) and helix aF covering the substrate binding site in the crystal structure with contact residues are shown.
(D) RPP2 resistance T1 complementation assay of eds1-2 plants expressing EDS1 variants, as indicated, fused N-terminally to YFP. Three-week-old plants were
infected with Hpa Cala2, and macroscopic disease symptoms were scored at 7 dpi. Numbers in brackets correspond to lines analyzed for RPP2 resistance and
protein accumulation in Figure S3H. The scale bar represents 2.5 mm.
See also Figure S3.
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Analysis of the EDS1 Immune Regulatory Nodefunctional full-length YFP-EDS1 (Figure S4B) (Garcı´a et al.,
2010). Therefore, the EDS1 N-terminal lipase-like domain alone,
although stable and nucleocytoplasmic, is insufficient for resis-
tance signaling.
Transgenic eds1-2 plants expressing the EDS1 C-terminal
EP domain were also generated, but the EP domain did not
accumulate to detectable levels and only produced disease-
susceptible plants. We concluded that EP domain stability
and/or signaling function requires its fusion to the lipase-like
domain. The all-helical EP domain has no obvious homology to
any PDB protein. Most closely EP-related structures are found
in diverse proteins operating in different cellular pathways (Fig-
ure 4B and Table S4). We scrutinized the EP domain fold topol-
ogy (Figure 4C) and found the recurring theme of at least one
domain with repeating pairs of a helices, as in tetratricopeptide
repeat motifs or the PCI-protein fold among > 250 structures
with significant similarity (Dali Z score > 2) (D’Andrea and Regan,
2003; Ellisdon and Stewart, 2012). These motifs often mediate
protein-protein interactions within higher-order protein com-
plexes (D’Andrea and Regan, 2003; Ellisdon and Stewart,
2012); for example, Tom70 from the mitochondrial translocon
(Wu and Sha, 2006) or Thp1 from the TREX-2 mRNA export sys-
tem (Ellisdon et al., 2012) (Table S4).Cell Host &EDS1 and SAG101 N-Terminal Interface Residues
Mediate Heterodimer Formation
In the EDS1-SAG101 structure, a large interface between the
lipase-like domains is governed by hydrophobic interactions,
and EDS1 helix aH (see Figure 2D) fits neatly into a SAG101
pocket (Figure 5A). By contrast, the C-terminal interface of the
EP domains consists of hydrophobic interactions, salt bridges,
and an extensive hydrogen bonding network. We determined
individual contributions of the two interfaces to complex forma-
tion by testing E.coli-produced recombinant His-tagged EDS1
and SAG101 domains in Ni-NTA copurification experiments.
Although full-length His-SAG101 was able to copurify full-length
EDS1 or N-terminal EDS11–384, a C-terminal domain variant of
SAG101 (SAG101291–537) failed to bind untagged full-length
EDS1 (Figure 5B). Therefore, the N-terminal interface is neces-
sary and sufficient for EDS1-SAG101 interaction in vitro. This is
in line with bimolecular fluorescence complementation of EDS1
and SAG101 protein domains in tobacco transient expression
assays (Zhu et al., 2011) and PISA (Krissinel and Henrick,
2007) computational analyses attributing 70% of complex
binding strength to this interface.
Consistent with the in vitro results, EDS11–384 also associated
with SAG101 in a GAL4-based yeast two-hybrid (Y2H) assay,Microbe 14, 619–630, December 11, 2013 ª2013 Elsevier Inc. 623
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Figure 4. The EDS1 EP Domain Is Essential for Immune Signaling
(A) Control and T1 transformants expressing full-length EDS1 or the EDS1
1–384 lipase domain under a constitutive 35S promoter were infected withHpaCala2 and
RPP2 resistance phenotypes visualized in Trypan Blue-stained leaves at 7 dpi. The scale bar represents 100 mm. HR, hypersensitive response; fh, free hyphae.
Protein accumulation and resistance complementation phenotypes of individual T1 transformants are shown in Figure S4A.
(B) Five closest homologs to C-terminal EDS1385–623 EP domain estimated by Dali Z score. See also Table S4.
(C) EP domain organization. Conserved (gray) or structurally different (white) elements and differently orientated lipase domains in EDS1 and SAG101 are shown.
See also Figure S4.
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length EDS1 with SAG101 (Figure S5A). Mutations were
introduced into the EDS1 N-terminal hydrophobic aH helix
(Figure 5A). Single amino acid exchanges to Ala in aH were
sufficient to disrupt association between EDS11–384 and
SAG101 in yeast (Figure S5B and Table S5). However, multiple
exchanges in aH were needed to compromise interaction of
the full-length proteins, suggesting cooperativity between the
N- and C-terminal domain interfaces in EDS1-SAG101 hetero-
dimer formation (Figures 5C and S5C). Low residual interaction
of the EDS1-LLIF (L258A+L262A+I254A+F261A) variant with
SAG101 was not further disrupted by additional structure-
guided exchanges at the C-terminal interface (Table S5). How-
ever, when interactions were tested by the copurification of
untagged EDS1 with StrepII-tagged SAG101 produced in a
tobacco mosaic virus (TMV)-based plant transient expression
system (see the Supplemental Experimental Procedures),
EDS1-LL showed strongly reduced association with SAG101,
and the triple EDS1-LLI and quadruple EDS1-LLIF mutants
showed no detectable association (Figure 5D). Therefore, the
EDS1 hydrophobic aH helix is a critical contact site for stable
heterodimer formation with SAG101.
Reciprocally, mutations in SAG101 (L12A+L21A+I141A; LLI)
(Figure 5A) strongly impaired interaction with EDS11–384
(Figure S5D). However, SAG101-LLI retained interaction with
full-length EDS1, further supporting cooperativity between the
N- and C-terminal domains in heterodimer formation. An addi-
tional Y306A exchange within the C-terminal interface of
SAG101-LLI (creating SAG101-LLIY) (Figure S5E) reduced, but
did not abolish interaction with, full-length EDS1 in yeast (Fig-
ure S5F). In the plant TMV-transient expression system, EDS1624 Cell Host & Microbe 14, 619–630, December 11, 2013 ª2013 Elswas detected copurifying with SAG101-StrepII or SAG101-LL
and SAG101-LLI variants, but not with SAG101-LLIY (Fig-
ure S5G), although increasing mutations within the SAG101
pocket also lowered in planta SAG101 protein accumulation
(Figure S5G).
SAG101 and PAD4 Contact the Same N-Terminal EDS1
Interface
Previously, we identified an L262P exchange mutant in EDS1
that had lost interaction with PAD4, but not SAG101, and
interpreted this to reflect different modes of PAD4 and SAG101
binding to EDS1 (Rietz et al., 2011). Using the EDS1-SAG101
structure, we made a more helix-compatible L262A exchange
in the EDS1 N-terminal hydrophobic aH helix, which disrupted
EDS11–384-SAG101 interaction (Figure S5B). SAG101 noninter-
acting EDS1 variants were also compromised in interaction
with PAD4 in Y2H and plant TMV-based transient copurification
assays (compare Figures 6A and 6B to Figures 5C and 5D).
These data suggest that EDS1 forms similar heterocomplexes
with SAG101 and PAD4.
On the basis of the 28% sequence identity between PAD4 and
SAG101, we built a homology model of PAD4 with SAG101 as
template, incorporating the context of SAG101 association
with EDS1. The EDS1-PAD4 heterodimer model closely resem-
bles the EDS1-SAG101 complex (Figure 6C). Importantly, a
hydrophobic pocket in PAD4 harbors the same EDS1 aH helix,
as observed in the EDS1-SAG101 crystal structure (Figure 6D).
Although individual exchanges of PAD4 hydrophobic pocket res-
idues at this putative interface had minor effects on interaction
with full-length EDS1, simultaneous exchanges (M16A+L21S+
F143A) in PAD4-MLF disrupted interaction with EDS1 in Y2Hevier Inc.
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Figure 5. Disturbance of the EDS1-SAG101 Heterodimer N-Terminal
Contact Site
(A) Schematic view of the N-terminal interface between EDS1 and SAG101
showing the SAG101 hydrophobic pocket accommodating EDS1 helix aH.
(B) Recombinant protein copurifications, as indicated, visualized by SDS-
PAGE.
(C) Y2H interactions between activation domain (AD) fusions of EDS1 variants
(LL, LLI, and LLIF) and a full-length SAG101 binding domain (BD) fusion. Yeast
viability (-LW) and weak (-LWH) or strong (-LWHA) protein interactions are
shown. Fusion protein accumulation in yeast extracts was assessed on im-
munoblots probed with a-HA (AD-EDS1) or a-c-Myc (BD-SAG101) antibodies.
(D) Copurification of untagged EDS1 variants with WT SAG101-StrepII in a
plant transient expression assay. Input and elution fractionswere separated by
SDS-PAGE and analyzed by Coomassie staining and immunodetection.
See also Figure S5.
Cell Host & Microbe
Analysis of the EDS1 Immune Regulatory Nodeassays (Figure 6E). In line with a heterodimeric EDS1-PAD4
complex, similar amounts of WT EDS1 copurified with WT
PAD4-StrepII in the plant TMV-based transient expression and
copurification assays, as judged by Coomassie staining (Figures
6B and 6F). Notably, StrepII-tagged PAD4-ML and PAD4-MLF
variants accumulated to similar levels as nonmutated PAD4-
StrepII but failed to copurify EDS1 (Figure 6F). We concluded
that structurally similar hydrophobic pockets of the SAG101
andPAD4N-terminal domains receive the EDS1 aHhelix in order
to form a heterodimer, supportingmutually exclusive EDS1 bind-
ing to either signaling partner.
EDS1 Heterodimers Mediate Resistance Signaling
We tested whether reducing EDS1-SAG101 and EDS1-PAD4
heterocomplex formation affects EDS1 resistance by transform-
ing Col eds1-2mutant plants with pEDS1:YFP-EDS1 expressing
YFP-EDS1 under the EDS1 promoter or the same vector with
EDS1-LL, EDS1-LLI, and EDS1-LLIF variants displaying
increasing loss of interaction with SAG101 (Figures 5C and 5D)
or PAD4 (Figures 6A and 6B). In the TNL (RPP2) resistanceCell Host &complementation assay with Hpa isolate Cala2, T1 transform-
ants expressing YFP-EDS1-LL or YFP-EDS1-LLI variants were
as resistant as transformants expressingWT YFP-EDS1 (Figures
7A and 7B). In contrast, YFP-EDS1-LLIF failed to restrict Cala2
growth (Figures 7A and 7B) even though EDS1-LLIF accumula-
tion was higher than that of EDS1-LLI proteins on an immunoblot
of leaf extracts (Figure 7B). These data suggest that EDS1 heter-
odimers are necessary for TNL-mediated ETI against Hpa.
EDS1 self-associates in Y2H and FRET-FLIM transient assays
of bombarded Arabidopsis epidermal cells (Feys et al., 2001,
2005; Zhu et al., 2011), suggesting that EDS1 might contribute
to resistance without its signaling partners. The EDS1-LLIF
mutant was able to homodimerize in yeast (Figure S6), consistent
with EDS1 homodimers or oligomers forming via a different
surface than EDS1-SAG101 and EDS1-PAD4 heterocomplexes.
This is supported by our structural analysis, given that EDS1
does not possess a hydrophobic pocket critical for heterodimer
formation with SAG101 or PAD4. The nature of potential EDS1
self-associations remains unknown. We tested whether over-
expressed EDS1, which has potential to form homodimers or
oligomers, signals without its PAD4 or SAG101 partners in
Arabidopsis immunity. For this, EDS1-HA driven by the con-
stitutive 35S promoter was transformed into Col eds1-2 plants
and null sag101-1 and pad4-1 mutants crossed individually or
together into a 35S:EDS1-HA/eds1-2 transgenic line. In all
genetic backgrounds, EDS1-HA protein accumulation was high
in comparison to EDS1 native protein in Col (Figure 7C). EDS1-
HA fully complemented eds1-2 susceptibility to Hpa Cala2 (Fig-
ure 7D). However, overexpressed EDS1-HA did not rescue
pad4-1 intermediate susceptibility or pad4-1 sag101-1 extreme
susceptibility. Therefore, ETI againstHpa is via EDS1 complexes
with PAD4 or SAG101.
Having established that EDS1 heteromeric associations with
its partners are crucial for resistance to Hpa and that the
lipase-like domains promote heterodimer formation, we exam-
ined structural features unique to the heterodimer. Two regions
are of immediate interest. On one face of the EDS1-SAG101
complex, long (18–28 residues) a helices aM, aN, and aP
bridging the N- and C-terminal domains form a helical groove
in the heterodimer, which might serve as an interaction platform
for other proteins through helix-helix packing (Figures 2A and 7E)
(Guharoy and Chakrabarti, 2007). On the opposing face, the
EDS1-SAG101 heterodimer creates a large cavity between the
EP domains (Figure 7E). Several EDS1 residues within this cavity
are highly conserved but do not participate directly in SAG101
interaction, suggesting relevance in binding another protein or
ligand.
DISCUSSION
EDS1 constitutes a regulatory node in plant innate immunity
with its partners SAG101 and PAD4. Here, functional analysis
of the Arabidopsis EDS1-SAG101 crystal structure and an
EDS1-PAD4 homology model provides important insights to
EDS1 resistance signaling. In each complex, the intermolecular
contacts are dominated by a hydrophobic helix at the EDS1
N-terminal interface fitting within similar pockets of the respec-
tive SAG101 and PAD4 N-terminal domains (Figures 5A and
6D). Amino acids at this N-terminal contact site are necessaryMicrobe 14, 619–630, December 11, 2013 ª2013 Elsevier Inc. 625
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Figure 6. Analysis of the EDS1-PAD4 Interaction
(A) Y2H interactions between AD fusions of different EDS1 variants and a BD fusion of full-length PAD4 analyzed as in Figure 5C.
(B) Copurification of untagged EDS1 variants shown in (A) and WT PAD4-StrepII transiently expressed in N. benthamiana, as described in Figure 5D.
(C) Structure of the EDS1-PAD4 heterodimer homology model.
(D) Schematic view of the predicted EDS1-PAD4 N-terminal interaction site within the PAD4 hydrophobic pocket.
(E) Validation of the modeled EDS1-PAD4 interface in Y2H assays. BD fusions of PAD4 variants carrying mutations within the hydrophobic pocket were tested
with AD-fused full-length EDS1 as described in Figure 5C.
(F) Copurification of untagged EDS1 and PAD4-StrepII variants shown in (E) in plant transient expression assays as described in Figure 5D.
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Analysis of the EDS1 Immune Regulatory Nodefor EDS1 heterodimers with either partner, favoring signaling
via mutually exclusive EDS1-SAG101 and EDS1-PAD4 hetero-
complexes in Arabidopsis resistance to Hpa (Figure 7A).
Several pieces of data support actions of distinct but function-
ally cooperating EDS1-PAD4 and EDS1-SAG101 modules in
Arabidopsis antimicrobial defense. Separate EDS1, PAD4, and
SAG101 protein clades have persisted through angiosperm
evolution (Figures 1A and S1) consistent with selection to retain
distinct protein attributes. Also, molecularly and spatially
different EDS1-SAG101 and EDS1-PAD4 complexes accumu-
late in plant cells (Feys et al., 2005). Moreover, SAG101 con-
tributes a unique activity in viral resistance conferred by the
Arabidopsis CNL receptor HRT (Zhu et al., 2011). Thus, EDS1-
SAG101 complexes appear to have diverged from EDS1-PAD4626 Cell Host & Microbe 14, 619–630, December 11, 2013 ª2013 Elsheterodimers operating in basal immunity (Rietz et al., 2011),
perhaps in order to modulate TNL outputs. One scenario is
that SAG101 stabilizes EDS1 inside nuclei, consistent with
Feys et al. (2005), to provide sufficient nuclear EDS1 for
exchange to PAD4 in order to boost transcriptional reprogram-
ming during ETI (Garcı´a et al., 2010; Heidrich et al., 2011; Rietz
et al., 2011). Alternatively, EDS1-SAG101 and EDS1-PAD4
complexes regulate distinct ETI outputs, possibly acting antag-
onistically. Competition between EDS1-SAG101 and EDS1-
PAD4 heterodimers would provide a mechanism for fine tuning
defense and cell-death pathways.
An EDS1 ternary complex containing PAD4 with SAG101
was reported in tobacco transient expression assays (Zhu
et al., 2011), and EDS1 variants defective in heterodimerevier Inc.
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Figure 7. Functional and Structural Features of EDS1 Heterodimers
(A) T1 complementation assay of eds1-2 mutant plants expressing WT YFP-EDS1 or YFP-EDS1-LLIF under the EDS1 promoter. Three-week-old plants were
infected with Hpa Cala2 and macroscopic disease symptoms scored at 6 dpi for > 20 transformants of each construct. Representative micrographs of infected
leaves stained with Trypan Blue are shown for controls and individual tranformants. Line numbers (#) are indicated in the upper right corner. The scale bar
represents 200 mm. HR, hypersensitive response; fh, free hyphae; TN, trailing necrosis.
(B) Accumulation of WT YFP-EDS1 or LL, LLI, and LLIF variants and RPP2 resistance complementation phenotypes of individual T1 lines. R, resistant; (R) partially
resistant.
(C) Protein accumulation in 4-week-old different stable transgenic Arabidopsis backgrounds expressing EDS1-HA under the 35S promoter. A nonspecific signal
with a-EDS1 is shown as loading control.
(D) RPP2 resistance to Hpa Cala2 in EDS1-HA overexpression in different genetic backgrounds, as indicated. Conidiospore formation on leaves was scored at 6
dpi. Three independent experiments gave similar results. Lower case letters indicate statistically significantly different classes (one-way ANOVA, Fisher LSD, p <
0.05). Error bars represent SD.
(E) Unique structural features of the EDS1-SAG101 heterodimer. a helices aM, aN, and aP (orange and red) form a helical groove on one face of the complex. On
the opposing face, the heterodimer creates a cavity (red mesh) containing highly conserved EDS1 residues (purple) that do not participate in SAG101 interaction
(black residues).
See also Figure S6.
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Analysis of the EDS1 Immune Regulatory Nodeformation still self-associate in Y2H assays (Figure S6). Thus, an
EDS1 ternary complex is possible through heterocomplex
oligomerization via a different EDS1 surface, although the
absence of a large conserved region on the exposed portion
of EDS1 in the EDS1-SAG101 heterodimer (Figure 2B) does
not support a ternary arrangement. Additionally, overexpressed
EDS1 fails to signal in ETI without PAD4 or SAG101 (Figure 7D;Cell Host &Feys et al., 2005), reinforcing the model that EDS1 heterodimers
drive resistance signal relay at least in response to Hpa. How-
ever, it is significant that PAD4 alone (without EDS1 and
SAG101) mediates Arabidopsis resistance to aphid feeding
in phloem tissues, implying that an alternative PAD4 conforma-
tion can exist and function in certain cell types (Pegadaraju
et al., 2007).Microbe 14, 619–630, December 11, 2013 ª2013 Elsevier Inc. 627
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Analysis of the EDS1 Immune Regulatory NodeThe EDS1 and SAG101 N-terminal domains appear to
represent different ends of the evolutionary spectrum, from
high conservation to drift. Both domains have canonical a/b
hydrolase topology, but, although the typical catalytic triad
within this fold is strikingly conserved in EDS1, it is degenerated
in SAG101 and partly randomized among SAG101 orthologs
(Figures 1B and 2E). Thus, SAG101 is one of an emerging class
of noncatalytic proteins with a/b hydrolase topology, some of
which have acquired protein-protein interaction functions (Len-
fant et al., 2013). The absence of catalytic residues in SAG101
would fit with it being a less active ‘‘holding’’ component in the
EDS1 system and EDS1 a catalytic, signaling-active partner.
However, we detected no EDS1 hydrolase activity (Figure S3A).
Also, functional analysis of EDS1 (and PAD4) variants in which
the conserved triad residues were exchanged, and the local
EDS1 triad environment is perturbed (Figures 3A, 3C, and 3D)
argue against EDS1 catalytic activity or binding of orthosteric
ligands being essential for immunity. Lower overall accumulation
of YFP-EDS1-SDHFV mutant protein in comparison to YFP-
EDS1 in independent T1 lines (Figure S3H) does not support
compensation for a less active catalytic pocket mutant by higher
protein amounts in ETI, although it might affect signaling com-
petence under certain stress conditions. Other inactivating ele-
ments, such as shielding the catalytic triad (Figure 2F) and block-
ing the potential catalytic oxyanion hole by S124 (Figure 2E), are
consistent with EDS1 operating independently of hydrolysis in
resistance. We propose that the EDS1 a/b hydrolase topology
is maintained principally in order to promote interactions with
SAG101 or PAD4 and draw the essential EP domains together.
The above EDS1 and SAG101 lipase-like domain character-
istics highlight an emerging class of a/b hydrolase folded pro-
teins, which have important modes of action beyond catalytic
activity. Notably, rice gibberellin (GA) hormone receptor GID1
is a lipase-like, but enzymatically inactive, protein that utilizes a
modified triad to bind GA molecules. GA binding creates a
GID1 conformational change, leading to interaction with tran-
scriptional repressors and their exposure to an F box protein,
GID2, for Skp, Cullin, and F box ubiquitination and proteasome
degradation (Murase et al., 2008; Shimada et al., 2008). In
another plant hormone pathway,PetuniaDAD2 and its homologs
D14 from rice and Arabidopsis slowly catalyze the cleavage of a
strigolactone-related molecule, GR24 (Hamiaux et al., 2012;
Zhao et al., 2013). However, DAD2 (D14) biological activity de-
pends on the cleavage event rather than the reaction product,
generating a DAD2 conformational change in order to promote
interaction with F box protein PhMAX2A in a GR24-concentra-
tion-dependent manner (Hamiaux et al., 2012). Strigolactone-
related karrikin signalingmolecules also induce a conformational
change in Arabidopsis receptor KAI2 (Guo et al., 2013). Curi-
ously, the site of karrikin binding to KAI2 is distal to its S-D-H
triad, leaving the precise signal transduction mechanism unclear
(Guo et al., 2013). Hence, a/b hydrolase topology appears to lend
itself to ligand-induced conformational switches. It remains un-
clear whether a ligand binds EDS1 or its partners at a site
away from the triad residues.
Although affinity between EDS1 and its signaling partners is
dominated by their respective N-terminal domains (Figures 5
and 6), a molecular basis for cooperative functions in resistance
most likely resides within the heterodimer EP domain conforma-628 Cell Host & Microbe 14, 619–630, December 11, 2013 ª2013 Elstions (Figure 7). Most obvious are EDS1 and SAG101 helices aM,
N, and P (Figure 7E) connecting the N-terminal and EP domains
to form a groove on one face of the EDS1-SAG101 complex,
creating a potential docking platform for other a-helical proteins.
On the opposing face of the heterodimer, an exposed cavity
containing several conserved EDS1 amino acids (Figure 7E)
suggests an additional protein or ligand docking opportunity.
This structural study provides a rich seam for functional dissec-
tion of a versatile immune regulatory node.
EXPERIMENTAL PROCEDURES
Structure Determination of the EDS1-SAG101 Complex
The EDS1-SAG101 complex was prepared, crystallized, and cryoprotected for
X-ray diffractometry at 100 K on beamline 14.1 at BESSY (Berlin) as described
(Wagner et al., 2011). The structure was solved bymultiwavelength anomalous
diffraction (MAD). For heavy-atom derivatization, a crystal was soaked for
10 min in 2 mM K2[Au(CN)2] dissolved in 100 mM HEPES (pH 7.5), 7%
PEG4000, and 5% 2-propanol prior to cryoprotection. MAD and native diffrac-
tion data (Table S2) were processed and used for phasing, model building, and
refinement as described in the Supplemental Experimental Procedures.
Images were prepared with PyMOL (Schro¨dinger).
PAD4 Homology Modeling
PAD4 and SAG101 were aligned on the basis of their sequence profiles
containing 6 and 12 sequences with less than 90% identity, respectively,
with HHsearch (So¨ding, 2005). From this alignment, 800 models were gener-
ated with Rosetta comparative modeling with standard parameters (Raman
et al., 2009). Ten models with the lowest energy were assessed by their
Qmean6 score, and the best scoring model (Z score = 1.97) with respect
to the set of nonredundant experimental structures derived from PISA assem-
blies was selected for detailed inspection (Benkert et al., 2011).
SDS-PAGE and Western Blotting
Proteins were separated by SDS-PAGE and transferred to nitrocellulose
membranes (GE Healthcare). Membranes were blocked and probed with
a-Myc (Santa Cruz Biotechnology), a-HA (Roche), or a-EDS1 (Feys et al.,
2005) antibodies. Secondary antibodies conjugated with alkaline phosphatase
(Sigma-Aldrich) or horseradish peroxidase (Santa Cruz Biotechnology) were
used. Strep-Tactin-AP and Strep-Tactin-HRP conjugates (IBA) were used for
detection of Strep-tagged proteins.
Plant Material, Growth Conditions, and Pathology Assays
Arabidopsis accessions were Col and Landsberg erecta. The Col eds1-2
(Bartsch et al., 2006), pad4-1 (Jirage et al., 1999), sag101-1, and pad4-1
sag101-1 (Feys et al., 2005) mutant lines were published previously. Col
eds1-2 pad4-1 sag101-1 was generated by crossing Col eds1-2 and pad4-1
sag101-1 mutants. Plants were grown in soil under a 10 hr light regime
(150–200 mE/m2s) at 22C and 65% relative humidity. In pathology assays,
conidiospores of Hpa isolates were spray inoculated onto 3-week-old plants
at 43 104 spores/ml (Stuttmann et al., 2011). Host cell-death andHpa infection
structures were visualized in true leaves by Trypan Blue staining at 6–7 dpi. T1
plants were prepared for Hpa infections as described (Figure S3C) (Stuttmann
et al., 2011). Infected T1 seedlings were treatedwith Ridomil in order to killHpa,
and protein expression was measured in leaf extracts of plants harvested
3 weeks later. For quantitative conidiospore counting assays, three to four
pots of each genotype were infected and treated as biological replicates,
and conidiospores were counted with a Neubauer counting chamber. Spore
counting assays were performed at least three times independently.
Transient Protein Expression and Purification
Transient expression of proteins inNicotiana benthamianawith the magnICON
(Icon Genetics) system was performed as described in the Supplemental
Experimental Procedures. Leaf tissues were harvested at 5–6 dpi and ground
in liquid N2. Proteins were extracted from 1 g N. benthamiana leaf tissue in
2.5 ml of buffer ExStrep (50 mM Tris [pH 8], 150 mM NaCl, 5 mM EDTA,evier Inc.
Cell Host & Microbe
Analysis of the EDS1 Immune Regulatory Node5 mM EGTA, 10 mM dithiothreitol, and 0.1% Triton X-100) containing 50 mg/ml
Avidin. Then, 2 ml of cleared extract were incubated with 120 ml of 50% Strep-
Tactin high-capacity matrix (IBA) for 40 min. The matrix was washed with
ExStrep buffer and eluted by boiling with Laemmli buffer.Phylogenetic Analyses, Conservation Coloring, and Protein
Alignments
Orthologs of AtEDS1, AtPAD4, and AtSAG101 were retrieved through a
tBLASTn search as described in the Supplemental Experimental Procedures.
Phylogenetic trees were calculated at phylogeny.fr/ (Dereeper et al., 2008).
Surface conservation was displayed at consurf.tau.ac.il/ (Ashkenazy et al.,
2010) with sequences from Table S1.ACCESSION NUMBERS
The coordinates and structure factors have been deposited in the PDB under
accession number 4NFU.SUPPLEMENTAL INFORMATION
Supplemental Information contains Supplemental Experimental Procedures,
six figures, and five tables and can be found with this article online at http://
dx.doi.org/10.1016/j.chom.2013.11.006.ACKNOWLEDGMENTS
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